Detailed experimental surface pressure coe cient measurements were obtained for a hemisphere-cylinder-are model in the low supersonic Mach number range (M 1 = 1:2) at various angles of incidence (0 to 27:5 ). The surface pressure values at each angle of incidence were smoothed and checked against their respective oil-ow photographs. The smoothed results were then used to validate a theory which relates the number and type of topological singular points observed in the oil-ow patterns with local surface pressure extrema.
INTRODUCTION
One of the current problems of interest in aerodynamics is to understand, and ultimately to control, three-dimensional boundary-layer separation and the resultant vortex-dominated ows. This interest is prompted in part by the requirements on ight vehicles for enhanced maneuverability, which in turn leads to ight at large angles of incidence.
At present, reliable theoretical and numerical analysis of these phenomena are just beyond the reach of the scienti c community. Advances in the understanding of steady 1] -19] and unsteady 20], 21] conditions have principally come from experimental studies utilizing ow visualization techniques. Of particular use in this regard has been the oilow (also known as the oil-streak) technique for displaying skin-friction line patterns on the surfaces of wind tunnel models 22] .
Researchers have worked under the theory that patterns of skin-friction lines re ect the properties of continuous vector elds allowing the characterization of patterns on a model surface by a restricted number of singular points (nodes, saddle points, and foci). Using the the restricted number of singular points and the topological rules that they obey as building blocks, it has been proposed that a comprehensive and reliable method can be constructed to describe how three-dimensional separated ows originate and evolve with the variation of relevant parameters (i.e., Mach number, Reynolds number, angle of incidence). To build this comprehensive theory, researchers have concentrated on the ows about geometrically simple bodies.
The steady ow over a hemisphere-cylinder body has been the subject of several experimental and computational investigations 23] -31]. Among these, Peake and Tobak 26] carried out an experimental wind tunnel investigation at a low supersonic Mach number (M 1 = 1.2) in the Ames 6-by 6-Foot Supersonic Wind Tunnel, in which extensive surface oil-ow and vapor-screen photographs were obtained. Although the body geometry is simple, the ow surrounding a hemisphere-cylinder at incidence is quite complex. In addition to the primary and secondary cross ow separation patterns usually observed on a body of revolution at incidence, the topology of the limiting streamlines at the surface contain a variety of singular points when visualized by the surface oil-ow technique. These include nodes of attachment, nodes of separation, and saddle points. In particular, spiral nodes of separation pairs, or foci, are observed on the leeward side of the body near the hemisphere-cylinder junction.
In the course of analyzing the topology of the steady separated hemisphere-cylinder ows, Tobak 32] proposed a theory which links the existence of each of the singular points observed in the surface oil-ow to the existence of a local extremum in the surface pressure distribution. The existence of a local pressure extremum, however, need not be associated with a singular point. Speci cally, his preliminary analysis showed that a local pressure maximum should exist in the vicinity of each node of attachment, a local pressure minimum should exist near each node of separation (or focus) in the oil-ow, and each saddle point in the oil-ow should be associated with a saddle point in the pressure distribution. In order to examine the validity of Tobak's theory, a hemisphere-cylinder-are pressure model was constructed and tested at ow conditions matching those of Peake and Tobak's experiment. Surface pressure measurements were made and the locations of local pressure extrema were determined. In addition, surface oil-ow photographs were examined to determine the type and location of surface singular points. (Fig. 5(a)-10(a) ), that the presence of the are had not altered the properties of the upstream ow.
DESCRIPTION OF EXPERIMENT
At each xed angle of incidence, data were taken from all pressure taps while the model was rolled remotely in increments (4 = 3 ) about its own axis of symmetry. The 421 pressure measurements at each roll angle were interlaced to yield a surface pressure distribution of 50,520 data points per angle of incidence. At = 19 a ner roll increment was used (4 = 1:5 ), yielding a surface pressure distribution of 101,040 data points.
In the course of analyzing the experimental data the rough data were displayed, for each angle of incidence, as a surface in space (C p as a function of circumferential angle and axial distance S/D). In this manner, the major structures of the pressure eld could be examined and errors reduced. Sources of surface measurement error were classi ed as either systematic or random. The existence of systematic error was assumed from the beginning, since the pressure data were measured on twelve di erent transducers each with its own calibration error. This systematic type of error was quite apparent when viewing the raw data surface. As a result, the data points were corrected or eliminated. Random measurement errors were seen as small-amplitude, short-spatial-wavelength jitter within the raw pressure surface and eliminated by numerical smoothing 33]. 
RESULTS

Flow Structure
The main ow features observed on the leeward side of the body and in the leeward plane of symmetry near the nose are shown schematically in Fig. 4 . Flow along the leeward symmetry plane separates at a saddle point of separation located near the hemispherecylinder junction. Flow leaving this saddle point circumferentially along the body surface spirals into two foci, or spiral nodes of separation, symmetrically disposed from the leeward symmetry plane. According to Tobak's theory, local pressure minima should be observed near the foci, and a pressure saddle point should exist near the saddle point of separation. A pair of saddle points, located downstream of the foci, are symmetrically displaced from the leeward symmetry plane. Two surface streamlines emanate from each of the saddle points, one spiraling upstream into the focus, the other moving downstream and circumferentially outward.
Continuing downstream from the leeward saddle point of separation along the symmetry plane, one can see a node of attachment which should be mirrored by a local maximumin the pressure distribution. This node of attachment is conjectured to be fed from an outwardly spiraling node in the plane of symmetry which receives ow moving circumferentially inward toward the symmetry plane. The presence of this node could not be detected in the experiment, since no o -surface measurements were made, but Navier-Stokes computations of this ow eld 27], 28] suggest the possibility that it is present. The main features of the surface ow are apparent in the oil-ows. At = 5 , a pair of foci are observed on the leeward side of the body near the hemispherecylinder junction. As the angle of incidence is increased, these foci grow larger and move farther apart circumferentially (Figs. 7 and 8 ). In addition, for 5 , a well-de ned primary cross ow separation line is observed on the cylindrical portion of the body. A secondary cross ow separation line is visible for 10 . Additional foci are visible in the vicinity of the cylinder-are junction (Figs. 8(b)-10(b) ). However, in this paper only the details of the ow on the hemisphere and forward portion of the cylinder are addressed.
Oil-Flow Visualizations
Surface Pressure Distributions
The axial surface pressure distribution obtained for axisymmetric ow about the hemispherecylinder-are is shown in Fig. 11 . Although all axial stations are included in Fig. 11 , only one roll angle is shown since the ow is nominally axisymmetric.
In Figs Tables 1-5 for each nonzero angle of incidence. The skin-friction line patterns of Figs. 6-10 were found to be consistent with the topological rules governing three-dimensional surface singular points. Speci cally, the number of surface nodes and surface skin-friction saddle points were found to obey the summation relations discussed in reference 14]. In the top half of Figs. 12(a)-16(a) (0 180 ), the skin-friction lines drawn show only the singular points and lines connecting them. This is termed the topological structure which acts as the skeleton of the skin-friction pattern. In the bottom half of these gures, the skeleton has been eshed out by adding selected skin-friction lines to the pattern of singular points. In addition, Figs. 12(b)-16(b) contain an enlarged view of the topological structure near the hemisphere-cylinder junction.
As the angle of incidence is increased from 0 to 27:5 , the node of attachment (stagnation point) at the nose moves downward along the windward ray ( = 180 ). In addition, the leeward skin-friction line patterns become more complex. For = 5 , 10 , and 15 (Figs. 12-14) , the singular point patterns are similar to the one discussed for Fig. 4 , and contain one pair of foci near the hemisphere-cylinder junction. At = 19 and = 27:5 (Figs. 15, 16 ) two pair of foci are observed near this junction. It is noted that at = 27:5 an additional node-saddle pair is observed downstream (S=D 1).
For the six values of observed, comparison of the singular point locations with the pressure contours indicate that each node of attachment is associated with a local pressure maximum, and each node of separation (or focus) occurs in the vicinity of a local pressure minimum. Further, from the fact that the surface pressure distribution is continuous, it can be inferred that a saddle point in the pressure map should occur in the vicinity of each saddle point in the skin-friction pattern.
CONCLUSIONS
Detailed experimental C p data was obtained at M 1 = 1:2, for six angles of incidence ranging from 0 to 27:5 . The data in all cases were smoothed. The location of local pressure extrema were determined and the results have been presented. Comparison of the surface pressure distributions with singular point locations in the corresponding oil-ow photographs con rms the relationships postulated by Tobak. Speci cally, these are that a local pressure maximum should exist near each node of attachment, a local pressure minimum should exist near each node of separation (or focus), and each saddle point in the oil-ow should be associated with a saddle point in the pressure distribution. 
